Introduction
Fluid mechanics in porous media has been widely applied in hydro-geological investigation, underground oil recovery, agricultural irrigation technology and design of reservoir works ever since the last century. Subsequently, it is playing a more and more important role in many relevant fields of science in recent years, which has been applied in artificial materials such as glass fibre, activated charcoal, building materials and vascular networks in micro-organisms. Thus, researching the flow in porous media has become an essential issue in the field of fluid mechanics for engineering.
Classic Darcy's Law was formulated on the basis of numerous experiments. Although it has revealed the fundamental relation of the flow in porous media, its validity is limited for laminar flows at low Reynolds numbers. For non-Darcian flows found in many important natural phenomena, the complexity of flows in porous media has to be addressed. For example, Brinkman (1947) obtained the Darcy-Brinkman equation by adding viscous effect in Darcy's Law, while Joseph et al. (1982) gave a modified Forchheimer's equation by considering inertial effect at high Reynolds number and quadratic drag on the flow in porous media based on previous studies. Tien (1981, 1982) , and Hsu and Cheng (1990) put forward the Brinkman-Forchheimer equation by combining the above effects, which was gradually improved to be widely applied in generalised Navier-Stokes equation. Plenty of studies confirmed the applicability of generalised Navier-Stokes set. Thus, the foundation was established for the incompressible viscous flow in porous media.
A variety of numerical methods, such as finite difference method (FDM), finite volume method (FVM), finite element method (FEM), were proposed for solving the generalised Navier-Stokes equation. The space and time conservation element and solution element (CE/SE) method, first proposed by Chang (1995) , is a new high accurate computational scheme. Wang et al. (2008) proposed an updated CE/SE method. The unique characteristics of the CE/SE method is that it unifies space and time, and treats them as an entirety, which is based on the global and local flux in a space-time domain by introducing CEs/SEs. The CE/SE method derives a numerical scheme based on Taylor expansion. The accuracy depends on the order of Taylor expansion. The CE/SE method treats both the variables in the flow field and their space derivatives as independent variables. The merits of CE/SE method include its clear physical conception, simple numerical scheme and high computational accuracy.
The CE/SE method has been widely applied in compressible (Wang et al., 2008; Zhang and Wang, 2009) and incompressible multiphase flows by using the preconditioned method (Yang et al., 2012; Yang and Zhang, 2013) , as well as poromechanical problems (Yang et al., 2014) governed by hyperbolic equations. Yang et al. (2010) applied the above method to incompressible multiphase flows in porous media, including the contact interface of dual porous medium, lid-driven cavity flows, dual layer lid-driven cavity flow, which expanded the CE/SE method to the field of fluid mechanics in porous media.
This article briefly introduced the high-accuracy CE/SE scheme and the preconditioned method, and simulated unsteady incompressible flows past a square. Pressures and lift coefficients around the cylinder were calculated and compared with other numerical and experimental results. This paper also proposed a model of unsteady incompressible flow around a square porous cylinder, which is associated with the filter of waste water treatment equipment. The vorticity structure and its impact factors were analysed.
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2 CE/SE method and governing equation Wang et al. (2008) proposed an updated CE/SE scheme based on a hexahedron mesh. As shown in Figure 1 , every CE is corresponding with one SE. The relation between the independent physical variables and their derivatives are derived by the continuity condition of flow variables on a staggered grid. The detailed CE/SE method was referred in the literature (Yang and Zhang, 2013) . The generalised N-S equation set (Yang et al., 2012) was applied for flows in porous media. The Brinkman and Forchheimer effects were considered in the flow mechanism. The preconditioned procedure (Yang and Zhang, 2013) was applied for transforming the parabolic equations, which govern incompressible viscous flows in porous media, into the hyperbolic ones, which can be directly solved by CE/SE method. A staggered mesh was applied for the calculations in order to avoid a pressure shift phenomenon.
Results and discussion
The computational domain was constructed for incompressible viscous flows around a square cylinder, as shown in Figure 2 . The computational domain covers grid point of 602 × 162, and the space and time interval are 0.1 and 0.005, respectively. The initial and boundary conditions were referred in the literature (Davis and Moore, 1984; Li and Humphrey, 1995) . The no-slip boundary conditions were set at the impermeable cylinder surface. The non-dimensional parameters of D, L and H are defined in the glossary.
For the model evaluation, the benchmark problem (Li and Humphrey, 1995) of flow past an impermeable cylinder was simulated. Figure 3 depicted (a) streamlines and (b) vorticity of flows past an impermeable square cylinder at Re = 100. As shown in Figure 4(b) , there existed a string of staggering vortex, periodically rotating in opposite directions, after flows pass the prism (Pavlov et al., 2000) known as Karman Vortex Street. For further evaluation of the CE/SE method, the coefficient of drag and lift force were analysed. The coefficient of drag force and the lift force as well as Strouhal number were calculated. As shown in Table 1 , the CE/SE calculated coefficients corresponded well with those from experiments. Figure 4 depicted streamlines around the (a) impermeable and (b) permeable cylinder. The main flow structures were somewhat similar for two specific cases. In case of flow past the permeable cylinder with porosity of 0.1 and Darcy number of 10 -4 , the strength of main vortex decreased and the shear layer become weak, compared to the impermeable case. The main reason is that the flow energy attenuated due to the drag, friction from the porous matrix and a decoupled phase movement of the solid and the liquid phase (Yang et al., 2015) . It noted that the Darcy number was referred to Yang et al. (2012) .
Figures 5 and 6 showed the periodic structure of streamlines and vorticities for flows past the permeable square cylinder with porosity of 0.1 and Darcy number of 10 -4
. As depicted in Figure 5 , as Reynolds number (Re) increased, the strength of the main vortex increased, and the shear layer become thinner. For Re = 50, two main vortex happened. As Reynolds number increased, the flow fully developed, and such two vortices emerged as a main vortex. The periodic wave happened when the Reynolds number reached 100. As Reynolds number increased, the wave length decreased, and the wave frequency increased. Figure 6 demonstrated the distribution of the vortex shedding. As Reynolds number increased, the numbers of vorticities increased, and the frequency of vortex shedding increased. When Reynolds number reached 100, the periodic wave appeared. Comparing the distribution of the streamline with the corresponding voticity, it indicated that he vortex has significant role in the flow structure near the side face of the cylinder. Table 2 summarised the root-mean-square lift coefficient, mean drag coefficient and the Strouhal number. Given the porosity and the Darcy number, the Reynolds number dominated such parameters. Figures 7 and 8 showed the evolution of lift and drag coefficients, respectively. As the Reynolds number increased, the magnitude of drag and lift coefficient increased, and the wave period of the two coefficients decreased. For the impermeable cylinder at Re = 100, the magnitude of drag coefficient decreased, while the magnitude of lift coefficient increased, compared to the permeable one. Porous media remarkably affected on the drag coefficients. 
Summary
Numerical analysis was performed for periodic structures of the streamline and vorticity for flows past a square cylinder. Given the porosity and Darcy number, as Reynolds number increased, the frequency of the vortex shedding increased. As the Reynolds number decreased, the magnitude of drag and lift coefficient decreased, and the wave period of the two coefficients increased. Compared to the permeable one, for the impermeable cylinder at Re = 100, the magnitude of drag coefficient decreased, while the magnitude of lift coefficient increased. The vortex has significant role in the flow structure near the side face of the cylinder. Porous media remarkably affected on the flow pattern, drag and lift coefficients. View publication stats View publication stats
